Abstract Radiation proctitis is an inflammatory process associated with persistent and refractory lower gastrointestinal bleeding. Purinergic signaling regulates hemostasis, inflammation, and angiogenesis. For example, CD39, the vascular ectonucleotidase, blocks platelet activation and is required for angiogenesis. Whether CD39 expression is affected by radiation injury is unknown. The aim of this work was to study CD39 expression patterns after clinical radiation injury to the rectum. We prospectively enrolled eight patients with radiation proctitis and five gendermatched controls. Biopsies were taken from normalappearing rectal mucosa of controls and from the normal sigmoid and abnormal rectum of patients. Expression patterns of CD39, P2Y2 receptor, CD31, CD61 integrin, and vascular endothelial growth factor receptor 2 were examined by immunostaining; levels of CD39 were further evaluated by Western blots. Chronic inflammatory lesions of radiation proctitis were associated with heightened levels of angiogenesis. Immunohistochemical stains showed increased vascular expression of CD39, as confirmed by Western blots. CD39 was co-localized with vascular endothelial markers CD31 and CD61 integrin, as well as expressed by stromal tissues. Development of neovasculature and associated CD39 expression in radiation proctitis may be associated with the chronic, refractory bleeding observed in this condition.
Introduction
Ionizing radiation is widely used for the treatment of malignancies but causes varying degrees of damage to the parenchyma, stromal elements, and the blood vessels of affected organs [1] . Radiation damage appears related to vascular effects [2] . Early changes seen during the exposure to radiation include lack of cellular mitotic activity with patchy fibroblastic proliferation [3] . Vascular findings predominate in the late phase of radiation injury that develops within weeks to months after exposure. These later findings are most often seen in the micro-vessels with subsequent capillary rupture and/or thrombosis [1] . In these settings, microscopic examination reveals intimal vascular fibrosis, telangiectasia of capillaries and post-capillary venules, endothelial degeneration, and platelet thrombi formation [3] .
Because of the fixed position and anatomical proximity to the radiated target organs such as the prostate and cervix, the rectum is often injured during pelvic radiation [4, 5] . Radiation proctitis presents with mucous rectal discharge, diarrhea, marked tenesmus, and/or pelvic pain [4] , with rectal bleeding being the most common symptom [6] . Early transient symptoms of radiation injury to the rectum usually resolve spontaneously within 3 months, while radiation proctitis develops weeks later, is chronic in nature, and exhibits a significant impact on quality of life [7, 8] .
Unfortunately, this poorly understood disease has no effective treatments and therapeutic measures are solely supportive [5] , The development of radiation proctitis is not entirely dependent on the dose of the radiation delivered, but seems to be related to a complex interaction between multiple factors including the patient's age, genetic predisposition, and other environmental factors [5] .
In the bowel mucosa, endothelial cells damaged by the ionizing radiation undergo apoptosis with early pathological features characterized by swelling and sloughing [9, 10] . Late findings include neovascularization, telangiectasia, and perivascular fibrosis [7, 8] . The replacement of the normal endothelium by a thickened fibrous layer leads to progressive ischemia, with occlusion of the vessels and necrotic changes in the supplied tissue [2, 11] . These reactions are mediated, at least in part, by platelet-derived growth factor, vascular endothelial growth factor (VEGF), and fibroblast growth factor, produced by endothelial cells and/or macrophages [9] . In addition to these findings, Abdollahi et al. have found that radiation upregulates the expression of α v β 3 integrin receptors in endothelial cells. Activation of these receptors is known to have potent proangiogenic effects [12] .
Multiple in vitro studies have shown the role of extracellular nucleotide-mediated signaling in stimulating endothelial cell mitogenic responses, inflammatory reactions, and angiogenesis via modulation of specific purinergic type 2 P2Y2 and α v β 3 integrin receptors [13] . Roles for extracellular nucleotides, e.g., adenosine diphosphate (ADP) in the development of radiation proctitis, have been also proposed by Wang et al. These suggestions have been based on findings that clopidogrel, an inhibitor of ADP binding to P2Y2 receptors on platelets and endothelium, reduces the inflammatory and vascular changes in radiated intestines of rats [14] .
Ectonucleoside triphosphate diphosphohydrolase-1 CD39/ ENTPD1 is the dominant endothelial cell ectonucleotidase responsible for phosphohydrolysis of extracellular nucleoside di-(ADP) and tri-phosphates (adenosine triphosphate (ATP) and UTP). The respective nucleosides, e.g., adenosine generated from ATP/ADP by CD39 in tandem with CD73, exhibit inhibitory effect on platelets and exert vasodilatory effects [15] .
Control of nucleotide-mediated signaling by CD39 and CD73 is of critical importance for the regulation of inflammatory responses and angiogenesis in response to VEGF and growth factors in several animal models [16] . Expression of this ectoenzyme could well be also pertinent to the heightened inflammation and angiogenesis that impact clinical outcomes following rectal mucosal irradiation [13, [15] [16] [17] [18] .
In this clinical, prospective study of radiation-induced proctitis, we have investigated the expression of vascular CD39 and P2Y2 receptors together with associated integrins and VEGF receptors as described above.
Methods
We prospectively enrolled eight consecutive patients with radiation-induced proctitis undergoing endoscopic argon laser therapy for persistent rectal bleeding together with five gender-matched asymptomatic controls undergoing colonoscopy for cancer screening (Table 1) .
After obtaining informed consent from the patients, conscious sedation was administered and colonoscopy was performed using Olympus colonoscopy equipment. Biopsies were taken from endoscopically normal-appearing rectal mucosa (control subjects) as well as abnormal-appearing rectal mucosal areas (patients with proctitis) and normalappearing adjacent sigmoid mucosa (patients with proctitis). Tissues from the colonic biopsies obtained at endoscopic evaluation were embedded in Optimal Cutting Temperature Compound (OCT), and then frozen in isopentane. The slides were microscopically examined after hematoxylin and eosin (H&E) staining. Patterns of expression of CD39, endothelial cell markers CD31, and CD61/vitronectin receptor (β3 integrin) were determined in the vasculature by immunohistochemistry using monospecific antibodies. This analysis included all areas of the biopsies and a global score was given for CD39 expression, using a semiquantitative fourpoint scale in a blinded manner: 0 representing the lowest and 3 the highest level of expression. Polyclonal antibodies were used to detect P2Y2R and VEGF receptor 2.
Antibodies and other reagents
The anti-human antibodies against CD31 were manufactured by BD PharmMingen (San Jose, CA, USA)/clone # WM-59. The anti-human antibodies to CD39 were from 
Western blots
Lysates of tissues were prepared and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting techniques employed to separate proteins, as described [15] [16] [17] . The membranes were probed with CD39 primary antibodies. Appropriate secondary antibodies were used for detection. Equivalent gel loading was confirmed by analyses with GAPDH antibody.
Results
Endoscopically, the control patients all had normalappearing rectosigmoid and colonic mucosa. Rectal mucosa of the eight patients with radiation proctitis was pale and friable and demonstrated scattered areas of vascular telangiectasia while the non-irradiated sigmoid colon had normal features (Fig. 1) . Histological examination showed normal mucosa and submucosa in the rectal biopsies from the control subjects and sigmoid biopsies from patients with radiation proctitis. In contrast, rectal biopsies from patients with proctitis after radiation showed substantial areas of scarring and fibroblastic proliferation in the submucosae with increased numbers of new vessels. Monocyte-macrophages and other mononuclear cells were present within the fibrotic lesions in involved tissues (Fig. 2a-c) .
Immunohistological examination using anti-CD39 antibodies showed that the expression of CD39 was confined to the endothelium of arterioles and venules and to low numbers of mononuclear cells in the tissue of control subjects and in the unaffected rectal and sigmoidal biopsies A: Control Rectum. B: Sigmoid colon adjacent to radiation proctitis. C: Radiation proctitis. of patients with proctitis. In the affected rectal mucosa showing radiation proctitis, the vessels expressed high levels of CD39, as did the adjacent proliferative stromal elements (Fig. 2d-f ). Western blotting of tissue lysates of rectal biopsies obtained from patients with radiation proctitis revealed heightened levels of expression of CD39 (Fig. 3) , in concordance with the immunopathological assessments [15, 16] .
Vessels adjacent to the fibroblastic reactions in radiation proctitis displayed increased angiogenic responses indicated by the development of "mother vessel" formation that stained for high levels of CD39 (Fig. 2f) . In concordance with these observations, expression of CD31, P2Y2, α v β 3 integrin (vitronectin receptor), and CD31 were all markedly increased in involved tissues in patients with proctitis ( Fig. 2g-o) . In contrast, VEGFR-2 expression appeared substantially decreased in the mucosal biopsies from radiation proctitis when compared to the endoscopically and histologically normal mucosae from rectum and sigmoid control biopsies (Fig. 2p-r) .
Discussion
The etiology of radiation proctitis is poorly understood [19] . Acute symptoms presenting early after irradiation are believed to be largely inflammatory in nature and generally resolve by around 3 months post-exposure. Radiation proctitis is thought to manifest several months later [5] . Radiation sequentially triggers several molecular events leading to functional injury with altered cellular and intercellular signaling resulting in fibrosis and angiogenesis [10] . These more subacute reactions appear to be sustained for unclear reasons in select individuals for months and even years after exposure to radiation.
New vessel growth is modulated by monocyte/macrophages secreting angiogenic factors and metalloproteases that facilitate endothelial cell migration [13, 16, 17] . CD39 generates nucleoside analogs that have mitogenic effects on endothelial cells. The role of CD39 in modulating cellular migration and angiogenesis via P2Y-type receptors has been established by contrasting vascularization responses of control mice and CD39 null mice in response to Matrigel plug and tumor implantation [16, 17] .
Eltzschig et al. have shown that CD39 and CD73 are readily induced by hypoxia, thereby resulting in increased metabolism of ATP to adenosine and amplified endothelial responses to adenosine generated at sites of hypoxia [20] . Such conditions of oxygen lack are highly likely to occur in the setting of chronic inflammation, as in radiation proctitis or with ischemia. Indeed, key studies have indicated that such activation of CD39-dependent nucleotide phosphohydrolysis may play a tissue-protective role such as in periods of renal ischemia/hypoxia [21] .
CD39 has significant thromboregulatory roles that involve multiple cell types interacting together with soluble phase elements to maintain adequate fluidity of the blood. This is crucial in normal circumstances and also impacts the development and localization of thrombi in the case of vascular injury with loss of CD39 activity [13, 15, 16] . In this study, we show high levels of CD39 expression in patients with radiation proctitis. We also show comparable changes in the increased expression of P2Y2 and the vitronectin receptors that co-localize on endothelial cells. The activation of these receptors is thought to modulate the process of endothelial cell adhesion, proliferation, and angiogenesis [22] . Extracellular nucleotides have been shown to further modulate the function of integrins via G protein-coupled receptor (GPCR) P2Y-mediated signaling. Functional levels of P2 receptor expression and activation Fig. 3 Representative Western blot analysis for CD39: Tissue biopsies from non-irradiated and irradiated rectosigmoid mucosae were processed for SDS-PAGE and immunoblotting with anti-CD39. High-level expression of CD39 was observed in the biopsies from patients with radiation proctitis R Fig. 2 Histology and immunohistology of control and pathological rectosigmoid biopsies. The H&E staining of rectal mucosa from control patients (a) and the sigmoid mucosal biopsies from patients (b) showed normal structures. In contrast, significant fibrosis, neovascularization, and telangiectasia were evident in the rectal mucosa of patients with radiation proctitis (c). Immunohistochemical studies revealed that CD39 expression was confined to the endothelium of arterioles and venules and to low numbers of monocytes in the control biopsies and the endoscopically normal sigmoid (d, e). However, the biopsies of radiation proctitis exhibited increased numbers of new vessels that expressed high levels of CD39, in addition to high levels of CD39 staining within highly vascular myofibroblastic tissues. (f). A global score was given for CD39 expression levels, using a semiquantitative four-point scale: 0 represented the lowest and 3 the highest level of expression. Quantification of all pathological rectal biopsies from patients (n=8) revealed a cumulative vascular score for staining of CD39 of between 2+ and 3+, whereas control biopsies (n=5) had vascular scores of 1 to 2+. Stromal scores were all comparably 3+ for the rectal proctitis biopsies and 0-1+ for the control samples. Immunohistochemical studies for CD31 (PECAM) and P2Y2 together with the CD61 component of the vitronectin receptor show high levels of expression in the rectal mucosa affected by radiation proctitis with marked vascular proliferation and angiogenesis (g-o). The expression of VEGFR-2 was decreased in the diseased tissues of the radiation proctitis mucosa, in contrast to the normal and control biopsies (p-r) by nucleotides are in turn regulated by endothelial cell expression of CD39 [13, 17, [22] [23] [24] .
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Curiously, we noted distinct downregulation of VEGFR-2 in these chronically inflamed tissues biopsied months to years after radiation exposure, possibly in keeping with these late stages of irradiation injury [25] . Radiation proctitis was, however, associated with high-level vascular expression of three key components of extracellular nucleotide-mediated cellular responses (P2Y2, vitronectin receptor and CD39). CD39 expression is essential for angiogenesis [15] and high-level expression may be functionally associated with the development of the hypervascularity, as seen in radiation proctitis. In addition, anti-hemostatic actions of CD39 upon platelet ADP stimulation may contribute to rectal bleeding. The vasodilatory effect of derived adenosine may further contribute to the development of telangiectasia and refractory hemorrhage.
The expression and biochemical activity of CD39 can be modulated by various modalities, including oxygen tension [15, 20, 21] . Further animal studies with experimental radiation injury are planned that will use mutant mice null for Cd39 or transgenic for CD39 to determine the impact of altered expression at sites of radiation injury. These studies have implications in the understanding and potential treatment of rectal bleeding and disordered angiogenesis associated with radiation proctitis in the clinic.
